Robustness of a base-isolated building with uncertain structural parameters under long-period ground motions is investigated by uncertainty analysis methodologies. It is shown that the critical combination of structural parameters maximizing the objective function can be derived by a proposed uncertainty analysis method, i.e., combining the so-called URP (Updated Reference-Point) method with a response surface method. The practical application of the proposed robustness evaluation methodology is presented through an example of a base-isolated building model with the natural rubber bearing (NRB) and lead rubber bearing (LRB) isolators. The results from the proposed methods are compared with those from the Monte Carlo simulation under various long-period ground motions. It is shown that the proposed URP method combined with the response-surface type can provide a reliable and accurate evaluation of robustness for the earthquake response bound without hard computational load.
Introduction
An efficient methodology is proposed to evaluate the robustness (variability of response) of a base-isolated building with uncertain structural properties under long-period ground motions (see Fig.1 ). It is well known that base-isolated buildings have large structural uncertainties due to wide variability of structural properties caused by temperature and frequency dependencies, manufacturing errors and aging effect [1] [2] [3] . Furthermore, after the worst disaster of the 2011 off the Pacific coast of Tohoku earthquake in Japan, it is under discussion that base-isolated buildings are vulnerable against unexpected long-period ground motions.
Under these circumstances, it is desired to evaluate the response variability caused by those structural variability and uncertain ground motions [4] [5] [6] . The method based on the convex model may be one possibility [7] . Independently, Kanno and Takewaki [8, 9] proposed an efficient and reliable method for evaluating the robustness of structures under uncertainties based on the concept of the robustness function [10, 11] . However it does not appear that an efficient and reliable method for evaluating the robustness of structures has been proposed.
An interval analysis is believed to be one of the most efficient and reliable method to respond to this requirement. While a basic assumption of "inclusion monotonic" is introduced in usual interval analysis, a possibility should be taken into account of occurrence of the extreme value of the objective function in an inner feasible domain of the interval parameters for more accurate and reliable evaluation of the objective function. It is shown that the critical combination of the structural parameters can be derived explicitly by maximizing the approximate objective function and using the proposed method combining the URP (Updated Reference-Point) method [12, 13] with a response surface method. For evaluating the robustness of structures with uncertain parameters under uncertain disturbances, various uncertainty analysis methods have been proposed so far (for example, [5, 10, 11, [14] [15] [16] [17] ). An interval analysis may be one of the most effective methods for the analysis under uncertainty. The interval analysis is aimed at finding the upper and lower bounds of the objective function for given intervals of uncertain parameters.
Let X denote a set of uncertain parameters. The components of this set are referred to as interval variables and expressed as () c , X  , X  and N x denote the nominal value, the upper-side band width, the lower-side band width and the number of interval variables, respectively.
The following representation of the objective function in terms of interval variables is called the interval extension. 
In Eq.(2), the upper and lower bounds of the objective function are assumed to be given by the combination of end points of interval variables. In usual interval analysis, a basic assumption of "inclusion monotonic" is introduced and the following relation with respect to the objective function f is assumed
Since the right-hand side of Eq.(3) corresponds to Eq.(2), the maximum and minimum values of the objective function occur at the end points of interval variables. Fig.2 (a) presents a monotonic contour map of the objective function for two design variables 1 X , 2 X . In this case, an exact solution is included in the combination of end points of interval parameters. Therefore an exact solution can be obtained by conducting the response analysis for all the combinations of end points
of interval parameters. The computational load (number of repetition) is given by 2 x N .
However this repetition becomes huge for a large number of interval parameters.
In order to overcome this difficulty, some approaches have been proposed, e.g., a method of approximating the inverse of the stiffness matrix by Neumann expansion ( [15] ), or a method of approximating the objective function by converged series expansion ( [16] ). Furthermore Chen et al. [17] proposed a method of using a first-order Taylor series expansion and a second-order Taylor series expansion with diagonal components only in approximating the objective function.
On the other hand, when the basic assumption "inclusion monotonic" cannot be applied to the objective function, it is not appropriate to evaluate the objective function only at the end points of interval parameters. Fig.2(b) shows the two-variable examples of non-monotonic contour map of the objective function. In this case, a sequential quadratic programming method or a response surface method has to be introduced in transforming the original problem of finding the upper and lower bounds of the objective function into an optimization problem. This procedure causes a large amount of computational work.
Interval analysis using Taylor series expansion
As stated before, it is often the case that the objective function becomes non-monotonic ones with respect to interval parameters. A general problem of interval analysis may be stated as follows (equation 4). http://ccaasmag.org/ARCH Find X so as to maximize or minimize () f X (4) subject to I  XX Eq.(4) indicates a constrained optimization problem and various methods can be used to solve this as stated before. However there are many difficulties in the computational time or convergence.
In this paper, a new method as a framework of the interval analysis is proposed which can overcome the difficulty in problems with non-monotonic properties of objective functions. For preparing for this, interval analysis using first and second-order Taylor series expansion is explained in Section 3.1 and 3.2.
3.1 Interval analysis using first-order Taylor series expansion. The upper and lower bounds of the objective function by the first-order Taylor series expansion can be obtained as equation (5), where the ( ) , xi denote the differentiation of the objective function at the nominal value, can be obtained as equation (11) .
The evaluation of sensitivities f , Xi and f , Xi Xi is made at the nominal model (reference point). It should be noted that the correlation among interval parameters is not taken into account. In this paper, a method called the URP (updated reference-point) method [12, 13] is used. This method updates the reference point step by step. The flowchart for finding the upper bound of the objective function is shown in Fig.3 (a) .
Estimation of the variation of the objective function by response surface approach.
In the proposed method using Taylor series expansion as explained in previous sections, the accuracy of the robustness evaluation depends directly on the reliability of the numerical sensitivity analysis. For this reason, when the evaluation of numerical sensitivities has some difficulties due to the elastic-plastic structural property of isolators, another URP method should be introduced where the variation of the objective function is estimated using a response surface method (RSM). RSM is well known as a statistical response evaluation technique which can provide the continuous variation of the objective function by several response samplings. In this paper, three response values f evaluated at the nominal, lower and upper ends of an interval parameter i X are used and the following 2nd-order polynomial model is introduced.
In Eq. (12) ( 1, 2,3) i ai  are unknown variables derived from reference responses. By using this approximation of the objective function, we can apply the URP method to the uncertainty analysis as shown in section 3.3.1. Fig.3(b) shows the flowchart of the URP method using RSM.
Application of URP method to base-isolated building model.
Application of the URP method to the base-isolated building model is shown in this section. The validity of the URP method using 2nd-order Taylor series approximation (Section 3.3.1) and RSM (Section 3.3.2) are demonstrated through the comparison with the other method (Monte Carlo Simulation (MCS)). Although the number of interval parameters as shown later is large in this simulation, the response analyses are conducted for randomly selected combination of end points of interval parameters.
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http://ccaasmag.org/ARCH Since the use of natural rubber bearings (NRB) only as isolator elements may lead to a higher level of acceleration of top story, both NRB and lead rubber bearings (LRB) are used here.
Furthermore, an additional damping in the base-isolation story is to be given by oil dampers.
It is necessary to take into account the response variability (robustness) of the building under earthquake ground motions due to the variability of isolators, dampers and super-structural properties. Table 1 shows an example of variability ratios of isolators of NRB and LRB.
Interval variables in this example are the damping coefficient c 0 and elastic shear stiffness k 0 of NRB, the plastic shear stiffness K d and elastic shear stiffness K e of LRB and the damping coefficient vector f c and the horizontal stiffness vector f k of the super-structure. The set of interval variables is denoted by
For members with the same properties, it may be appropriate to assign the same variability in each group of members in a building. The present formulation is applicable to such realistic case.
Let us define the ratios of the upper and lower variations of interval variables to the corresponding nominal values. 
Property of base-isolated building
In this section, the structural property of a 20-story base-isolated building (N=20) is summarized. The floor mass per story is In the selection of the base isolator, the diameter, thickness and shear modulus have to be determined. The required conditions are that 1) the stress under dead load is within an allowable value and 2) the deformation capacity and the fundamental natural period are appropriate. When only NRB isolators are used as isolators, the horizontal stiffness 0 k of the base-isolation story is often determined by specifying the natural circular frequency of the model with the rigid super-building. On the other hand, since LRB isolators have the elastic-plastic characteristic, it is difficult to derive 0 k for the target natural frequency of the base-isolated building. Table2 shows the property of NRB and LRB isolators of the example model. The natural circular frequency of this base-isolated building is 1.16[rad/s], i.e. natural period = 5.40s.
The additional damping coefficient of the dampers in the base-isolation story is given by specifying the damping ratio of the model with a rigid super-building as 0.1.
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Interval analysis for drift of base-isolation story.
The uncertainty analysis is shown here for the maximum drift of base-isolation story. The level of variability in Eq. (12) is given by equation (15) K are treated to be unsymmetrical in increasing and decreasing directions. This is due to the aging effect (hardening) of isolators [2] . Fig.8 shows the upper bound of the maximum drift of the base-isolation story compared for various methods (URP methods with 2nd-order Taylor series approximation/with RSM and the Monte Carlo simulation (MCS)). As explained in section 3, the difference between the URP method with 2nd-order Taylor series approximation and that with RSM is how to estimate the variation of the objective function. In the former one, the numerical sensitivities, i.e. the gradient vector and the Hessian matrix, of the objective function are need. On the other hand, in the latter one, a kind of RSM is applied where appropriate response samplings are gathered and the gradient vector and the Hessian matrix are evaluated from the constructed approximate function. In these methods, after deriving an approximate variation of the objective function, the algorithm of the previously proposed uncertainty analysis method, i.e. the URP method [12, 13] , is applied in the same manner. So as to compare the validity of these proposed methods, MCS has been implemented.
In the MCS, the combinations of uncertain parameters are given by randomly selected combination of end points. In Fig.8 , both the results of MCS for 10 2 and 10 3 samples are shown.
From This may be due to the resonant phenomenon where the dominant frequency of the ground motion coincides with the natural frequency of the base-isolated building. However, it should be mentioned that Shinjuku NS (2011/03/12) is regarded as one of the aftershock earthquake ground motions caused by the 2011 off the Pacific coast of Tohoku earthquake (2011/03/11) and the moment magnitude is much less than the main shock, i.e. the amplitude of Shinjuku NS (2011/03/12) has been increased dramatically through the normalization. On the other hand, for other ground motions, the maximum drift of the base-isolation story does not exhibit much difference in the nominal model. However it is also true that the level of variability of the responses due to the variability of structural parameters shows different properties depending on ground motions. This may result from the fact that the effect of variability of structural properties is correlated complicatedly with the frequency contents of ground motions. However, by comparing the critical combination of the interval parameters of the isolator's property in the same way, no coincidence among the isolator's property can be observed except the damping coefficient of the damper at the base-isolation story. As for the variation of structural parameters in the super structure, it may be difficult to find certain tendencies of the critical variation. It is well known [12] that the parameters in super structures do not influence much the drift in the base-isolation story. Fig.10 shows the comparison of the hysteretic loop and time history of drift in the base-isolation story for models with nominal parameters and critical parameters under Shinjuku NS (2011/03/12). As seen in Fig.9 , not only the drift of base-isolation story but also the restoring force of the isolator is varied from the nominal structural response. 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41 
4.5
Interval analysis for top-story maximum acceleration. Fig.11 presents the results, i.e. the upper bound of the maximum top-story floor acceleration, of interval analysis by various methods (URP methods with 2nd-order Taylor series approximation / with RSM and the Monte Carlo simulation). It can be observed from Fig.11 that the level of variability of the maximum value into the increasing side derived by the URP method with RSM is larger than that with 2nd-order Taylor series approximation. This may result from the difficulty in the sensitivity analysis for elastic-plastic characteristics. Furthermore, it can be seen that the upper bounds of the objective function derived by the proposed method are larger than the results of MCS. As seen later in Fig.12 , only the end points combination is not sufficient in MCS for evaluating the upper bound of the acceleration at the top story. On the other hand, the URP method with RSM provides a rather reliable evaluation. This indicates the usefulness and reliability of the URP method with RSM. http://ccaasmag.org/ARCH parameters for the URP methods with 2nd-order Taylor series approximation / with RSM and the critical one derived from MCS. From the investigation in Fig.12 , it may be said that the URP method is effective. This is because the possibility is taken into account of occurrence of the extreme value of the objective function in an inner feasible region. Since the upper bounds of the objective function derived by each method are different, it is natural that the critical distribution of interval parameters may not coincide.
While, in usual structural design of base-isolated buildings, the variability of base-isolation systems is often taken into account, the variability of super-building parameters is not considered. As for the horizontal displacement of the base-isolation story, the variability of the base-isolation systems is essential. On the other hand, for the interstory drifts in super-buildings and top-story acceleration, the variability of super-building parameters is also significant. Therefore a detailed examination should be made carefully. 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43 Interval parameter 
Conclusions
An efficient interval analysis methodology for robustness evaluation of a base-isolated building has been presented to find the upper bound of the dynamic response under several long-period ground motions by using the URP (Updated Reference-Point) method with second-order Taylor series expansion and a response surface method. The objective function is defined by the maximum drift of the base-isolation story or the maximum acceleration at the top story. Since the critical combination of interval parameters in a feasible domain, not only on the bounds but also in an inner domain of interval parameters, has been derived explicitly, the upper bound of the objective function can be obtained straightforwardly for the predicted structural parameter set.
Since several long-period ground motions have been used as input motions and elastic-plastic responses are considered, numerical differentiation has to be used in the URP method for calculating sensitivities. It has been shown that, by using these sensitivities, the objective function can also be approximated by second-order Taylor series expansion including full elements.
When numerical differentiation has some difficulties, a response surface method provides a powerful means. It has been shown that, in the response surface method combined with the URP method, the variation of the objective function can be evaluated successfully from the responses at the three points.
Numerical examples of the robustness evaluation have been presented for a 20-story base-isolated shear building with elastic-plastic isolators by applying the URP method and the Monte Carlo method.
Although the critical distribution of interval parameters exhibits a unstable tendency, the upper bounds of specific objective functions (drift of base-isolation story or top-story acceleration) by three methods (URP with 2nd-order Taylor series expansion, URP with a response surface approximation and the Monte Carlo simulation) show good correspondence. It has been shown that the URP method combined with a response surface approximation possesses an excellent accuracy and reliability.
